T he innate and adaptive immune systems are both activated to protect the host from viral infections. Vertebrates have evolved to express germline-encoded pattern recognition receptors (PRRs) to recognize unique microbial components known as pathogen-associated molecular patterns (PAMPs), such as viral nucleic acids and bacterial cell wall components (1, 2) . At present, five main classes of PRRs have been identified: TLRs, retinoic acid inducible gene-I (RIG-I)-like receptors, nucleotidebinding domain/leucine-rich repeat (LRR)-containing receptors (NLRs), C-type lectin receptors, and PYRIN-HIN domain containing family member (including absent in melanoma 2) (3). It has been described that DEAD/H-box helicase family members (e.g., RIG-I, MDA5, DHX36, and DHX33) (4-6), TLRs (e.g., TLR2, TLR3, TLR4, and TLR7) (7) (8) (9) (10) , and NLRs (e.g., NLRX1, NLRP1, and NLPR3) (11) (12) (13) are involved in type I IFN production or inflammatory responses.
NLRs are the major constituents of the cytosolic innate immunesensing machinery that participate in type I IFN and inflammasome signaling pathways (14) . In comparison with other NLRs, the functions of NLRP3 in viral infection-mediated inflammasome activation have been extensively studied (10, (15) (16) (17) (18) (19) (20) . The NLRP3 inflammasome consists of NLRP3, apoptosis-associated specklike protein containing a caspase activation and recruitment domain (ASC), and caspase-1, which can sense various types of exogenous and endogenous danger signals, including viral nucleic acids, bacterial RNA, pore-forming toxins, environmental irritants, and endogenous damage-associated molecular patterns (21, 22) . Once NLRP3 is activated by cytosolic stimuli, it begins to oligomerize and recruit the adaptor protein ASC via a homotypic interaction with the PYRIN domain, resulting in the cleavage of procaspase-1 to its active form (23) . Active caspase-1 then processes pro-IL-1b to its biologically mature form, IL-1b, and triggers an inflammation-dependent cell death known as "pyroptosis." It has been demonstrated that at least two separate signaling cascades are involved in the production and secretion of the biologically active IL-1b in NLRP3 inflammasome activation. In the signal 1 cascade, the host cells use PRRs to detect the PAMPs from the pathogens and induce the transcription of inactive precursor pro-IL-1b. In the signal 2 cascade, the damage-associated molecular patterns trigger the assembly of inflammasomes, leading to procaspase-1 cleavage and pro-IL-1b maturation and secretion (24) (25) (26) . IL-1b, a potent pleiotropic proinflammatory cytokine produced predominantly by monocytes, macrophages, and lymphocytes, plays pivotal roles in regulating innate immune responses and instructing adaptive immune responses (27) (28) (29) .
It has been demonstrated that a variety of viruses, such as the influenza virus (IV), encephalomyocarditis virus, and hepatitis C virus (HCV), can induce NLRP3 inflammasome activation (10, 30, 31) . However, the molecular mechanism of NLRP3 inflammasome activation has not been fully elucidated. Recently, the IV RNA or HCV genomic RNA was found to be able to induce NLRP3 inflammasome activation (10, 15, 17) . In addition, cytosolic synthetic dsRNA (e.g., polyinosinic-polycytidylic acid [polyI:C]) (32) , bacteria-derived RNA (33) , and bacterial DNA-RNA hybrids (34) can also induce NLRP3 inflammasome activation. However, a direct interaction between NLRP3 and viral or bacterial RNA has not been established.
DEAD/H-box RNA helicases are involved in various RNA metabolic processes, including transcription, RNA transport, and RNA degradation (35, 36) . Several studies showed that some DEAD/H-box RNA helicases are involved in NLRP3 inflammasome activation and viral replication (6, (37) (38) (39) (40) . DHX33, a member of the DEAD-box helicase superfamily, was recently identified as a novel cytosolic RNA sensor. DHX33 binds viral dsRNA and forms a complex with NLRP3 and ASC in THP-1 macrophages, resulting in the cleavage of procaspase-1 and the secretion of IL1b (6) . DDX19A, a member of the DEAD/H-box helicases, was first cloned by Schmitt et al. in 1999 (41) . This protein is 46% identical to its yeast homolog of Dbp5. Like Dbp5, DDX19A is also localized in the cytoplasm and at the nuclear rim, which is essential for host mRNA export from the nucleus (41) . However, the roles of DDX19A in recognition of viral RNA and activation of NLRP3 inflammasome have not been reported.
Porcine reproductive and respiratory syndrome (PRRS), an economically important swine disease characterized by severe reproductive failure in sows and respiratory distress in piglets and growing pigs, has caused great losses to the pig industry worldwide (42, 43) . The causative agent, PRRS virus (PRRSV), belongs to the Arteriviridae family. PRRSV mainly infects primary porcine alveolar macrophages (PAMs). Previous studies reported that highly pathogenic PRRSV (HP-PRRSV) infection caused severe interstitial pneumonia (44, 45) , and the protein levels of IL-1b, IL-10, and TNF-a were significantly elevated in HP-PRRSV-infected pigs (46, 47) . IL-1b level was closely correlated with persistent infection and pathogenesis of PRRSV (48) . Recently, it has been reported that PRRSV structural protein E was involved in IL-1b secretion (49) , and HP-PRRSV infection can induce IL-1b secretion, which depends on the TLR4/MyD88 pathway and NLRP3 inflammasome activation (50) .
In this study, we found that HP-PRRSV infection induced NLRP3 inflammasome activation. PRRSV RNA, in vitro synthesized 59 untranslated region (UTR), 39 UTR, or nsp7b transcripts of PRRSV HuN4 genome also induced NLRP3 inflammasome activation and IL-1b secretion. Using HP-PRRSV infection as the model, we identified DDX19A as a novel viral RNA sensor. We found that DDX19A bound PRRSV RNA and interacted with NLRP3, which resulted in the assembly and activation of NLRP3 inflammasome in PRRSV-infected PAMs. Our findings provide a deeper knowledge of viral infection-induced NLRP3 inflammation activation and decipher the molecular mechanism involved in initiating recognition of viral RNA to secretion of IL-1b.
Materials and Methods

Cells and viruses
PAMs were isolated from the lung lavage fluid of 4-wk-old healthy piglets free of PRRSV as previously described (51) and maintained in RPMI 1640 medium containing 10% heat-inactivated FBS (Hyclone), 100 U/ml penicillin, 100 mg/ml streptomycin, and nonessential amino acid (Life Technologies) at 37˚C in a humidified atmosphere of 5% CO 2 . African green monkey kidney cell lines (Marc-145) and HEK293T cells obtained from American Type Culture Collection were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 . CH1a (GenBank accession number: AY032626.1; http://www.ncbi.nlm.nih.gov/nuccore/AY032626.1) was the first Chinese PRRSV strain isolated in 1995 and characterized as a low pathogenic PRRSV strain. CH1R, a virulence-attenuated vaccine strain of CH1a, was obtained by passaging the CH1a on Marc-145 cells (150th passage). The PRRSV HuN4 strain (GenBank accession number: EF635006, http://www.ncbi.nlm.nih.gov/nuccore/EF635006) was first isolated in 2006 and characterized by extensive amino acid mutations in GP5 protein and 30 aa deletions in Nsp2 compared with CH1a strain (52) . HuN4-F112, a virulence-attenuated vaccine strain of HuN4, was obtained by passaging the HP-PRRSV HuN4 on Marc-145 cells (112th passage) (53) . SDA2 (GenBank accession number: JX878379.1, http://www.ncbi. nlm.nih.gov/nuccore/JX878379.1) was isolated from Shandong province in 2011 and characterized as an HP-PRRSV strain. These PRRSV strains were propagated in Marc-145 cells, and their viral titers were determined using a microtitration infectivity assay (54) . Viral infections were carried out as described (55) .
Plasmids
To construct plasmids expressing hemagglutinin (HA)-or Flag-tagged DDX19A, NLRP3, caspase-1, and ASC, the cDNAs of these genes were amplified by RT-PCR using total RNA extracted from PAMs as templates and subcloned into pCAGGS-Flag (pFlag) vector or pCAGGS-HA vector, respectively. Based on the pFlag-DDX19A and pCAGGS-HA-NLRP3 plasmids, various truncated forms of the cDNA of ddx19a and nlrp3 genes were generated. To express and purify the recombinant NLRP3 or caspase-1 p20 protein in the bacterial system, the cDNA encoding swine NLRP3 (1-300 aa), full-length ASC (1-196 aa), or caspase-1 p20 (121-324 aa) was subcloned into the pET-28a vector (Life Technologies) to express 6xHis-fused proteins, respectively. To express and purify GSTfused ASC or DDX19A, the cDNA corresponding to the full-length ASC or DDX19A protein was subcloned into the pGEX-6P1 vector (Amersham Pharmacia Biotech), respectively, to produce the GST-fused proteins. All constructs used in this study were validated by DNA sequencing.
Abs and reagents
Rabbit anti-NLRP3 polyclonal Ab (pAb), anti-caspase-1 p20 pAb, and mouse anti-ASC mAb were prepared by immunizing rabbits or mice with the purified recombinant proteins. The hybridomas were screened by ELISA, and the positive colonies were subcloned twice and ascites were prepared from BALB/C mice. The anti-ASC mAb and pAb were evaluated by IFA, IP, and Western blot (Supplemental Fig. 2 ). The anti-dsRNA (J2) mAb was purchased from Scicons (Budapest, Hungary). Mouse anti-HA and anti-Flag M2 mAb, rabbit anti-HA pAb, and anti-Flag pAb, LPS, and ATP were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit anti-DDX19A pAb was purchased from Proteintech (Wuhan, Hubei, China). Rabbit anti-swine IL-1b pAb was purchased from Thermo Fisher Scientific (Waltham, MA). Mouse anti-GAPDH pAb was purchased from Santa Cruz Biotechnology (Dallas, TX). Goat anti-rabbit and goat anti-mouse secondary Abs conjugated to HRP were purchased from Sigma-Aldrich. Ac-yVAD-CHO was purchased from Bachem and solubilized in DMSO. Swine IL-1b ELISA kit (P26889) and swine TNF-a ELISA Kit (P23563) were purchased from RayBiotech (Norcross, GA).
Protein expression and purification BL21 (DE3) or Rosetta Escherichia coli were transformed with prokaryotic expression plasmids and then induced by 0.25 mmol isopropyl-1-thio-b-Dgalactopyranoside for 20 h at 16˚C. His-fused NLRP3 (1-300 aa), ASC (1-196 aa) , and caspase-1 (121-324 aa) proteins were then purified with HisTrapFF (GE Healthcare Life Sciences), respectively. GST-DDX19A and GST recombinant proteins were purified with Glutathione-Sepharose (Amersham Pharmacia Biotech) and eluted with 10 mmol reduced glutathione.
Isolation of PRRSV RNA and preparation of 59 UTR, nsp7b, and 39 UTR transcripts Marc-145 cells were infected with PRRSV-HuN4 at a multiplicity of infection (MOI) of 0.01. At 72 h postinfection (hpi), the cells showing maximal cytopathic effect were frozen in 280˚C. After three frozen-thaw cycles, the supernatants were collected and centrifuged at 5000 rpm for 30 min and then passed through 0.45-mm filters. The filtered supernatants were centrifuged at 30,000 rpm for 120 min, and the PRRSV virions (pellets) were subjected to the TRIzol reagent (Invitrogen) to extract viral RNA. The 59 UTR, nsp7b, and 39 UTR transcripts of PRRSV HuN4 genome were synthesized in vitro. Briefly, the cDNA corresponding to 59 UTR, nsp7b, or 39 UTR of PRRSV HuN4 genome was cloned into pVAX1 vector with T7 promoter, respectively, and these constructs were linearized through digestion with XhoI to serve as the template to synthesize the 59 UTR, nsp7b, and 39 UTR transcripts in vitro using RiboMAX Large Scale RNA Production Systems (Promega) according to the manufacturer's instructions.
Stimulation of PAMs and detection of inflammatory cytokines
For PRRSV infection, 1 3 10 6 PAMs were infected with different doses of PRRSV for 12-24 h at 37˚C. For positive control, PAMs were stimulated with 100 ng/ml LPS for 8 h and followed by treatment with 5 mmol ATP for another 4 h. The uninfected PAMs were used as the negative control. For PRRSV RNA and polyI:C stimulation, 1 3 10 6 PAMs were stimulated for 12 h with the indicated amount of PRRSV RNA, 59 UTR, nsp7b, 39 UTR transcripts, or polyI:C delivered by TransMessenger Transfection Reagent (Qiagen). The cell supernatants were collected at the indicated time points, and the levels of IL-1b and TNF-a were measured by ELISA. The cells were also collected for quantitative real-time PCR (qRT-PCR) or Western blot analysis.
Lentivirus production and transduction
Annealed short hairpin RNA (shRNA) synthesized cDNA fragments corresponding to the cDNAs of swine nlrp3 and ddx19a genes were digested with BamHI and EcoRI and ligated into pLVX vector (Clontech), named as lentivirus expressing NLRP3 shRNA (shNLRP3), shDDX19A-1 (sh1), and shDDX19A-2 (sh2), respectively. These shRNA plasmids were transfected into HEK293T cells together with psPAX2 (a packaging plasmid) and pMD2.G (an envelope plasmid) using Lipofectamine 2000 (Life Technologies). The cell supernatants were harvested at 24 h posttransfection (hpt) and then centrifuged at 5000 rpm for 15 min to remove cellular debris. The collected virus suspensions were centrifuged at 30,000 rpm for 2 h at 4˚C. The virus pellets were suspended in DMEM medium, and the viral titers were determined in HEK293T cells. PAMs were transduced with 10 8 TCID 50 /ml lentiviral particles encoding control shRNA (shNC), shRNA NLRP3 (shRNP3), or shRNA DDX19As (sh1, sh2) in the presence of 8 mg/ml polybrene. At 48 hpi, the PAMs were then infected with PRRSV at an MOI of 1.0 or stimulated with 2 mg/ml PRRSV RNA, the different transcripts of PRRSV genome, or polyI:C. For another 12 h, shRNA knockdown efficiencies were assessed by Western blot analysis. The IL-1b and TNF-a mRNA levels in the cells and the secreted IL-1b and TNF-a levels in the cultural supernatant were measured by qRT-PCR and ELISA, respectively. PRRSV RNA levels and viral titers were detected as described (55) .
Cell viability assay
Cellular viability was analyzed using a WST-8 cell counting kit-8 (CCK-8) (Beyotime, Nantong, China) according to the manufacturer's instructions. Briefly, 5 3 10 3 PAMs seeded in a well of 96-well plates were infected with the lentivirus expressing shNC, shNLRP3, or shDDX19As (sh1, sh2) in the presence of 8 mg/ml polybrene. At 48 hpi, 10 mL CCK-8 solution was added to each well, and the cultures were incubated at 37˚C for anlother 2 h. Absorbance at 450 nm was measured using a microplate reader.
qRT-PCR
Gene expression levels of IL-1b, TNF-a, ASC, NLRP3, and caspase-1 were detected by qRT-PCR using the SYBR Green detection system (Invitrogen). All reactions were performed in a LightCycler 480 real-time PCR system (Roche), and the relative gene expression levels were normalized to the hprt or gapdh level by using the 2 2DDCT method.
Confocal microscopy
To test the cellular localization of DDX19A and PRRSV dsRNA, Marc-145 cells were transfected with a plasmid encoding Flag-DDX19A for 24 h and then infected with PRRSV at an MOI of 0.1 for another 24 h. To test the cellular localization of DDX19A and NLRP3, HEK293T cells were transfected with a plasmid expressing Flag-DDX19A or HA-NLRP3 alone or both plasmids for 24 h. These cells were fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton X-100. After blocking with 10% FBS, the cells were probed with the indicated Abs for 1 h. Followed by washing with 13 cold PBS (pH7.4) for three times, the cells were incubated with goat anti-mouse tetramethylrhodamine isothiocyanate-labeled secondary Ab and goat anti-rabbit FITC-labeled secondary Ab. The subcellular localizations of these proteins and PRRSV dsRNA were visualized with a Leica SP2 confocal system (Leica Microsystems, Wetzlar, Germany).
Mass spectrometry analysis
Immunoprecipitated samples by anti-ASC Ab were resolved by SDS-PAGE and stained with Coomassie brilliant blue. The specific bands were cut and performed by peptide mass fingerprinting of tryptic digests. The protein was reduced and alkylated with DTT, iodoacetamide, and a tryptic digest was prepared. The extracts were pooled and dried completely by a vacuum centrifuge. Mass spectrometry (MS) and tandem MS (MS/MS) data for protein identification were obtained by using a MALDI-TOF-TOF instrument (4800 proteomics analyzer; Applied Biosystems). Instrument parameters were set using the 4000 Series Explorer software (Applied Biosystems). The MS spectra were recorded in reflector mode in a mass range from 800-4000 with a focus mass of 2000. MS was used a CalMix5 standard to calibrate the instrument (ABI 4700 Calibration Mixture). For one main MS spectrum, 25 subspectra with 125 shots per subspectrum were accumulated using a random search pattern. Collision energy was 2 kV, collision gas was air, and default calibration was set by using the Glu1-Fibrino-peptide B ([M+H] + 1,570.6696) spotted onto Cal 7 positions of the MALDI target. Combined peptide mass fingerprinting and MS/MS queries were performed by using the MASCOT search engine 2.2 (Matrix Science) embedded into the GPS-Explorer Software 3.6 (Applied Biosystems) on the National Center for Biotechnology Information database with the following parameter settings: 100 ppm mass accuracy, trypsin cleavage one missed cleavage allowed, carbamidomethylation set as fixed modification, oxidation of methionine was allowed as variable modification, and MS/MS fragment tolerance was set to 0.4 Da. A GPS Explorer protein confidence index $95% were used for further manual validation.
In vitro RNA binding assay In addition, the unlabeled or biotinylated RNAs were incubated with purified GST or GST-fused DDX19A. The biotinylated RNA/protein complexes were precipitated with Dynabeads M-280 streptavidin (Invitrogen) on a magnet stand. The precipitated complexes were washed five times with ice-cold washing buffer (5 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, and 1 mol NaCl) and resolved by 12% SDS-PAGE followed by Western blot analysis.
Cross-linking and RT-PCR
To investigate the interaction between DDX19A and PRRSV RNA in PRRSV HuN4-infected cells, cross-linking, immunoprecipitation, and RT-PCR were performed as described (56) . Briefly, Marc-145 cells were infected with PRRSV HuN4 at an MOI of 0.1. At 48 hpi, the cells were cross-linked with 1% formaldehyde by shaking slowly on a roller for 15 min at room temperature, and then 2 mol glycine was added to a final concentration of 0.2 mol to stop the cross-linking reaction. After an additional 10 min incubation, the cells were washed twice with ice-cold PBS and lysed in ice-cold RIPA lysis buffer (20 mmol Tris-HCl [pH 8], 150 mmol NaCl, 2 mmol EDTA [pH 8], 1% Nonidet P-40, 1% SDS, and 0.5% sodium deoxycholic) supplemented with 100 U/ml RNase inhibitor RNaseOUT (Invitrogen) and 13 protease inhibitor. The lysates were prepared by centrifuging at 12,000 rpm for 15 min at 4˚C. Immunoprecipitation was performed by incubating the cell lysates at 4˚C on a roller overnight with anti-DDX19A pAb or rabbit IgG. Protein A+G agarose beads were added and incubated for another 1 h. After that, the beads were washed five times with ice-cold NT2 buffer (50 mM Tris-HCl [pH 7.4], 150 mmol NaCl, 1 mmol MgCl 2 , and 0.05% Nonidet P-40). Then the cross-linking was reversed by incubating the sample in 100 ml NT2 buffer supplemented with 30 mg proteinase K and 100 U/ml RNase inhibitor RNaseOUT at 42˚C for 1 h and then 65˚C for 1.5 h. Finally, the RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RT-PCR
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Coimmunoprecipitation and Western blotting
HEK293T cells were cotransfected with a plasmid expressing HA-NLRP3 or a plasmid expressing its individual deletion mutants, along with a plasmid expressing Flag-DDX19A or its individual deletion mutants with Lipofectamine 2000 (Invitrogen). The cell lysates were immunoprecipitated with anti-Flag agarose beads. To identify the interactions between endogenous proteins, PAMs were either mock-infected or infected with PRRSV (0.1 MOI) for different time points. The cell lysates then were incubated with anti-ASC mAb or IgG for 8 h at 4˚C, and ASC complexes were captured using protein A+G-Sepharose. The cell lysates and the immunoprecipitants were resolved by 10-12% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). The membranes were blocked in 5% nonfat milk in TBST buffer for 45 min at room temperature and probed with indicated primary Abs for 2-4 h at room temperature. After hybridizing with either goat anti-rabbit or goat anti-mouse secondary Ab, the membranes were visualized with ECL reagents (Pierce).
Statistical analysis
All experiments were performed at least three times. All statistical analyses were performed using Student t test via the SPSS 16.0 software package (version 16.0, SPSS, Chicago, IL). Data are presented as mean 6 SD. A p value of ,0.05 was considered statistically significant.
Accession number
The following information was arranged in the format of "Species," "Symbol," and "Accession numbers": swine DDX19A (I3LC00, http:// www.uniprot.org/uniprot/I3LC00); swine NLRP3 (G9M4L5, http://www. uniprot.org/uniprot/G9M4L5); swine ASC (K7GQI7, http://www.uniprot. org/uniprot/K7GQI7); swine caspase-1 (Q9N2I1, http://www.uniprot.org/ uniprot/Q9N2I1); and swine IL-1b (F1SUB9, http://www.uniprot.org/ uniprot/F1SUB9).
Results
HP-PRRSV infection induces NLRP3-dependent inflammasome activation
A previous study revealed that the HP-PRRSV-infected PAMs produce higher level of IL-1b compared with the lower virulent PRRSV-infected PAMs (57) . To test whether PRRSV infectioninduced inflammatory responses depend on the properties of the specific PRRSV strains, PAMs were infected with different PRRSV strains, and the IL-1b and TNF-a mRNA expressions and secretions were detected by qRT-PCR and ELISA, respectively. In agreement with a previous report (57), we found that HP-PRRSV infection (such as HuN4 and SDA2) induced higher levels of IL1b and TNF-a mRNA expression and secretion (Fig. 1A-D) . However, the lower virulent PRRSV infection (such as CH1a and its vaccine strain CH1R) and HuN4-F112, a virulence-attenuated strain of HuN4 (46), barely induced the IL-1b and TNF-a mRNA expression and secretion (Fig. 1A-D) . Additionally, we found that the replication efficiencies of HP-PRRSV stains (such as HuN4 and SDA2) were higher than that of the low virulent PRRSV strain (such as CH1a), and the attenuated vaccine strains (CH1R and HuN4-F112) had a lower replication efficiency compared with their parental strains (CH1a and HuN4) (Fig. 1E) . Furthermore, we found that the cell viabilities were not affected during different PRRSV strain infections (Fig. 1F) . To further confirm the concept that the efficiency of PRRSV replication is related to the ability of PRRSV to induce IL-1b mRNA expression and secretion, PAMs were infected with HuN4 or HuN4-F112 strain. We found that PRRSV N protein, the cleavage products of pro-IL-1b (p17) and procaspase-1 (p20) could be readily detected in the HP-PRRSV HuN4-infected PAMs. However, PRRSV N protein and p17 could hardly be detected, and p20 was relatively very faint in the HuN4-F112-infected PAMs (Fig. 1G) . Consistent with these results, we also found that the PRRSV RNA level (Fig. 1H ) and viral titer of HuN4-F112 were lower than that of its parental HuN4 (Fig. 1I) , indicating the replication efficiency of the HuN4-F112 is extremely low in PAMs. Our findings revealed that the IL-1b mRNA expression and secretion induced by PRRSV infection may be related to the PRRSV replication efficiency. Based on these results, we chose the HP-PRRSV HuN4 strain for the remainder of the study.
To further evaluate the ability of PRRSV HuN4 infection to induce IL-1b mRNA expression and secretion, PAMs were either mock-infected or infected with PRRSV HuN4 at different MOIs. PRRSV N protein levels were analyzed by Western blotting (WB), and the result showed that PAMs were successfully infected by PRRSV HuN4 (Supplemental Fig. 1A ). In addition, we also found that both the mRNA and protein expression levels of NLRP3, ASC, and caspase-1 were upregulated in PRRSV HuN4-infected PAMs (Supplemental Fig. 1B-E) . As shown in Fig. 2A , the IL-1b mRNA expression and secretion were significantly increased in a dose-dependent manner during PRRSV HuN4 infection. Western blot analysis showed that the procaspase-1 and pro-IL-1b were both cleaved in PRRSV HuN4-infected PAMs (Fig. 2B, 2C ). To further investigate whether caspase-1 enzymatic activity is required for IL-1b secretion during HP-PRRSV infection, PAMs were pretreated with yVAD-CHO, a specific peptide inhibitor of caspase-1, at different doses and then infected with PRRSV HuN4. We found that the IL-1b secretion, but not TNF-a secretion, induced by PRRSV HuN4 infection was significantly inhibited by yVAD-CHO in a dose-dependent manner (Fig. 2D ). These results demonstrate that caspase-1 activation is required for PRRSV HuN4 infection-induced IL-1b secretion.
It has been demonstrated that viral infections can induce the NLRP3 inflammasome activation (10, 17, (58) (59) (60) . We then investigated whether the NLRP3-ASC-caspase-1 complex is formed in response to HP-PRRSV infection. PAMs were infected with PRRSV HuN4, and then the cell lysates were immunoprecipitated with anti-ASC mAb prepared by immunizing mice with purified 6xHis-fused ASC (Supplemental Fig. 2A-D) . The presence of the NLRP3-ASC-caspase-1 complex was undetectable in mockinfected PAMs (Fig. 2E, lane 2) . However, the NLRP3-ASCcaspase-1 complexes were easily detected in PRRSV HuN4-infected PAMs (Fig. 2E, lane 3) and ATP/LPS-stimulated PAMs (Fig. 2E , lane 4), suggesting that NLRP3 inflammasome is activated in HP-PRRSV-infected PAMs. To further test whether NLRP3 is mainly responsible for mediating HP-PRRSV infection-induced IL-1b secretion, PAMs were infected with shNLRP3 prior to PRRSV HuN4 infection; the cell viabilities and IL-1b secretion were also detected. We found that NLRP3 expression was efficiently reduced by shNLRP3 (Fig. 2F) , whereas the cell viabilities were not affected (Fig. 2G) . As expected, the cleavage of procaspase-1 and the secreted IL-1b levels were both significantly decreased in the NLRP3-deficient PAMs following PRRSV HuN4 infection ( Fig.  2F-H) , suggesting that NLRP3 is required for HP-PRRSV infection-induced NLRP3 inflammasome activation and IL-1b secretion.
Taken together, these results indicate that HP-PRRSV infection induces the formation of NLRP3-ASC-caspase-1 inflammasome complex and NLRP3 is required for the procaspase-1 cleavage and IL-1b secretion.
PRRSV RNA is sufficient to activate NLRP3-dependent inflammasome
To examine whether HP-PRRSV replication process is required for IL-1b mRNA expression and secretion, PAMs were mockinfected or infected with live PRRSV HuN4 or UV-inactivated PRRSV HuN4. As expected, UV-inactivated PRRSV HuN4 failed to induce the IL-1b mRNA expression and secretion (Fig. 3A) and only induced weak TNF-a secretion (Fig. 3B) , suggesting that PRRSV viral particle may not induce inflammasome activation. Because viral RNA has been identified as a well-known PAMP (17), we first evaluated the ability of HP-PRRSV RNA in triggering the IL-1b mRNA expression and secretion in vitro. PAMs were infected with either UV-inactivated PRRSV HuN4 or transfected with PRRSV HuN4 RNA. We found that, unlike UV-inactivated PRRSV HuN4, PRRSV HuN4 RNA significantly induced the IL-1b mRNA expression and the secretion of IL-1b and TNF-a (Fig. 3C, 3D) . According to the kinetics of the IL-1b levels in the cell supernatants from PAMs stimulated with different doses of PRRSV RNA for 12 h or with 2 mg PRRSV RNA for different time periods, we found that PRRSV RNA could induce IL-1b secretion in a dosedependent manner (Fig. 2E) . We also noticed that the IL-1b protein levels in the cell supernatants reached the peak at 6 h post-PRRSV RNA stimulation and maintained at high levels till 24 h (Fig. 3F) . To exclude the possibility that potential contamination may contribute to IL-1b mRNA expression and secretion, PRRSV RNA was treated with RNase A+T prior to its transfection. As shown in Fig. 3G , the IL-1b mRNA expression and secretion were significantly decreased following RNase A+T treatment, suggesting that PRRSV RNA itself could induce IL-1b secretion. Moreover, we also found that PRRSV RNA induced the cleavage of both The Journal of Immunologyprocaspase-1 and pro-IL-1b (Fig. 3H, 3I ) and the formation of NLRP3-ASC-caspase-1 inflammasome complex in PAMs (Fig. 3J) . Furthermore, knockdown of NLRP3 expression significantly inhibited procaspase-1 cleavage and IL-1b secretion induced by HuN4 RNA stimulation (Fig. 3K, 3L ). These results indicate that PRRSV RNA is sufficient to induce NLRP3 inflammasome activation and IL-1b secretion.
Because PRRSV is a positive-sense ssRNA virus, transfection of cells with intact PRRSV RNA may produce viral proteins and live viral particles, which may activate NLRP3 inflammasome. To exclude this possibility, the 59 UTR and 39 UTR transcripts of HP-PRRSV HuN4 genome were synthesized in vitro and transfected into PAMs, respectively. As shown in Fig. 4A , both the 59 UTR and 39 UTR transcripts induced IL-1b mRNA expression and secretion in a dose-dependent manner. Interestingly, we found that the 59 UTR transcripts induced much more IL-1b mRNA expression and secretion than that of the 39 UTR transcripts. Consistent with these results, we also found that the procaspase-1 and pro-IL-1b were both cleaved (Fig. 4B) , and the NLRP3-ASCcaspase-1 complex was assembled when PAMs were stimulated with the 59 UTR transcripts (Fig. 4C ). These data demonstrate that the 59 UTR and 39 UTR transcripts of PRRSV HuN4 genome can induce NLRP3 inflammasome activation and IL-1b secretion.
Taken together, our results reveal that PRRSV HuN4 RNA, the 59 UTR, and 39 UTR transcripts of PRRSV HuN4 genome are sufficient to trigger NLRP3 inflammasome activation.
DDX19A is identified as a novel component in NLRP3 inflammasome
It has bene reported that viral infection or viral RNA transfection can trigger NLRP3 inflammasome activation (15, 17, 60) . However, none of the known components (NLRP3, ASC, and caspase-1) in the NLRP3 inflammasome has the ability to bind viral RNA. Therefore, we hypothesized that there might exist some unknown cellular proteins working as viral RNA sensors that bridge viral RNA and the components of NLRP3 inflammasome in FIGURE 2. HP-PRRSV infection activates NLRP3 inflammasome. (A-C) PAMs were either mock-infected or infected with the PRRSV HuN4 at an MOI of 0.01, 0.1, and 1.0, respectively. At 12 hpi, the IL-1b levels in the cell-culture supernatants were detected by ELISA, and the IL-1b mRNA levels in the cells were determined by qRT-PCR (A). The cleavage of pro-IL-1b (B) or procaspase-1 (C) in the cell lysates were analyzed by WB with anti-IL-1b and anti-p20 Abs, respectively. Anti-GAPDH result was used as a loading control. (D) PAMs were infected with PRRSV HuN4 at an MOI of 0.1 for 24 h in the presence or absence of caspase-1 inhibitor Ac-yVAD-CHO, and the levels of IL-1b and TNF-a in the cell supernatants were determined by ELISA. (E) PAMs were either mock-infected or infected with PRRSV HuN4 at an MOI of 0.1 for 16 h. Then the cell lysates were coimmunoprecipitated with anti-ASC mAb or mouse IgG. The immunoprecipitants and the whole-cell lysates were detected with anti-NLRP3, ASC, p20, and GAPDH Abs, respectively. (F-H) PAMs were infected with lentivirus expressing shNC or shNLRP3 for 48 h in the presence of 8 mg/ml polybrene. The knockdown efficiency of NLRP3 and the cleavage of procaspase-1 were analyzed by WB with the anti-NLRP3 or anti-caspase-1 p20 Ab (F). The cells were subjected to CCK-8 cell-viability analysis (G) or infected with PRRSV HuN4 at an MOI of 1.0 for 12 h. The IL-1b levels in the cell supernatants were subjected to ELISA analysis (H). Data in (A), (D), (G), and (H) are mean 6 SD of one representative of three independent experiments. *p , 0.05, **p , 0.01, Student t test, in comparison with control groups during statistical analysis. FIGURE 3. PRRSV RNA is sufficient to stimulate NLRP3 inflammasome-mediated IL-1b secretion. (A-D) PAMs were mock-infected or infected with PRRSV-HuN4 or UV-inactivated PRRSV-HuN4 at an MOI of 0.1 for 24 h or transfected with PRRSV RNA (2 mg/ml) for 12 h. The IL-1b and TNF-a levels in the cell supernatants were detected by ELISA, and the mRNA levels of IL-1b and TNF-a in the cells were analyzed by qRT-PCR. (E and F) PAMs were stimulated with different doses (0, 0.25, 0.5, 1, or 5 mg) of PRRSV RNA for 6 h or with PRRSV RNA (2 mg/ml) for different time periods (0, 3, 6, 9, 12, or 24 hpt). The IL-1b levels in cell supernatants were detected by ELISA. (G) PAMs were transfected with 2 mg/ml PRRSV RNA, RNase A+T-treated PRRSV RNA (PRRSV RNA + RNase), or polyI:C as indicated. The levels of IL-1b mRNA levels in the cells and the IL-1b levels in the cell supernatants were detected by qRT-PCR and ELISA, respectively. (H and I) PAMs were infected with PRRSV HuN4 at an MOI of 0.1 for 24 h or transfected with PRRSV RNA (2 mg/ml) for 12 h. The cell lysates were analyzed by WB with anti-IL-1b, p20, and GAPDH Abs, respectively. (J) PAMs were either mocktransfected or transfected with PRRSV RNA (2 mg/ml) for 12 h, and then the cell lysates were prepared and coimmunoprecipitated with anti-ASC mAb or IgG. The whole-cell lysates and immunoprecipitants (IP) were subjected to Western blot analysis with indicated Abs. (K and L) PAMs were mock-infected or infected with lentivirus expressing shNC or shNLRP3 for 48 h in the presence of 8 mg/ml polybrene, respectively. The cells (Figure legend continues) virus-infected cells. It is well known that ASC is an essential adaptor molecule that interacts with NLRP3 and recruits caspase-1 to form the NLRP3-ASC-caspase-1 complex during viral infection. Our previous results also demonstrated that NLRP3-ASCcaspase-1 complex is formed in HP-PRRSV HuN4-infected PAMs. To identify the RNA sensor candidates, an unbiased proteomic approach involving immunoprecipitation and mass spectrometry (IP-MS) was used to identify these host proteins in PRRSV HuN4-infected PAMs (Fig. 5A) . Briefly, the cell lysates from PRRSVinfected PAMs were immunoprecipitated with mouse anti-swine ASC mAb (Supplemental Fig. 2 ) or mouse IgG. Subsequently, the immunoprecipitants were resolved by 12% SDS-PAGE gel and visualized by Coomassie brilliant blue staining. As expected, a few extra bands were visualized in the anti-ASC mAb immunoprecipitants compared with the bands from control IgG immunoprecipitants (Fig. 5B) . These specific bands in sample #1 (Fig. 5B , boxed area) were cut and then subjected to MALDI-TOF/TOF MS analysis. Based on protein discriminant scores, the top 10 hits, including DDX19A, DDX52, myosin9, cellular inhibitor of apoptosis protein (cIAP) 1, and cIAP2, were listed in Table I . These proteins are generally known to be involved in cellular RNA metabolism, apoptosis, innate immune responses, or inflammatory responses. In this study, we focused on DDX19A for further research because it has the ability to bind cellular mRNA (61, 62) . The amino acid sequence of DDX19A was shown in Fig. 5C , and the matched peptides detected in the MS analysis were highwere transfected with PRRSV RNA (2 mg/ml) for another 12 h, and then the cells were harvested to test NLRP3 expression and the procaspase-1 cleavage by WB (K), and the IL-1b levels in the cell supernatants were analyzed by ELISA (L). Data in (A)-(G) and (L) are mean 6 SD of one representative of three independent experiments. *p , 0.05, **p , 0.01, ***p , 0.001, Student t test, in comparison with control groups during statistical analysis. lighted in red color. To further confirm that DDX19A was indeed present in the anti-ASC mAb immunoprecipitants, the IgG or ASC immunoprecipitants were further analyzed by WB with anti-DDX19A Ab. As shown in Fig. 5D , DDX19A was readily detected in the ASC complex. To identify which component of the NLRP3 inflammasome physically interacts with DDX19A, HEK293T cells were transfected with a plasmid encoding Flag-DDX19A alone or along with a plasmid encoding HA-tagged NLRP3, ASC, or caspase-1, respectively. The cell lysates were immunoprecipitated with anti-Flag agarose beads and subjected to Western blot analysis. Interestingly, we found that DDX19A specifically interacted with NLRP3, but not ASC and caspase-1 (Fig. 5E) .
DDX19A has been reported to be a crucial DEAD/H-box RNA helicase that is recruited to the cytoplasmic filaments of the nuclear pore complex, which facilitates the export of cellular mRNA from the nucleus to the cytoplasm (41, 63) . We found that the amino acid sequences of human, mouse, and swine DDX19A are highly homologous, and the motifs evolutionarily conserved in the helicase superfamily were highlighted and denoted in Roman numerals (Supplemental Fig. 3A) . We also found that mouse and human DDX19A interacted with swine NLRP3 (Supplemental Fig. 3B ). In addition, DDX19A mRNA was strongly expressed in swine thymus, lung, and spleen (Supplemental Fig. 3C ), suggesting that DDX19A may have important functions in these tissues and organs. Interestingly, we also noticed that PRRSV HuN4 infection enhanced DDX19A expression in a dose-dependent manner (Supplemental Fig. 3D ).
Taken together, our findings reveal that DDX19A is involved in NLRP3 inflammasome activation through directly interaction with NLRP3 in HP-PRRSV-infected PAMs.
Mapping the interaction domains between DDX19A and NLRP3
To further evaluate the interaction between DDX19A and NLRP3, HEK293T cells were transfected with a plasmid expressing HA-NLRP3 or Flag-DDX19A alone or both plasmids, and then the cell lysates were immunoprecipitated with anti-Flag agarose beads. We found that HA-NLRP3 coimmunoprecipitated with Flag-DDX19A (Fig. 6A) . Conversely, we also found that HA-DDX19A coimmunoprecipitated with Flag-NLRP3 (Fig. 6B) . To further characterize the subcellular colocalization of DDX19A and NLRP3, Flag-DDX19A or HA-NLRP3 alone or both were coexpressed in HEK293T cells. As shown in Fig. 6C , NLRP3 was exclusively distributed in the cytoplasm, whereas DDX19A was detected in both the cytoplasm and nucleus. However, DDX19A was mainly distributed in the cytoplasm when DDX19A and NLRP3 were coexpressed, suggesting that NLRP3 overexpression could change the subcellular localization of DDX19A. To map which domain of DDX19A is required for the DDX19A-NLRP3 interaction, HEK293T cells were transfected with a plasmids expressing HA-NLRP3 alone or along with a plasmid expressing full-length Flag-DDX19A or a series of its truncated variants (Fig. 6D) . The coimmunoprecipitation (Co-IP) results showed that the helicase ATP-binding domain (domain 1) of DDX19A was required for its interaction with NLRP3 (Fig. 6E) . Likewise, to identify which domain of NLRP3 is required for binding DDX19A, we constructed a series of truncation forms of NLRP3 (Fig. 6F ) and coexpressed each of them with Flag-DDX19A in HEK293T cells. The Co-IP results showed that the nucleotidebinding and oligomerization domain (NACHT) and LRR domains of NLRP3 were responsible for NLRP3-DDX19A interaction (Fig. 6G) .
Taken together, these results indicate that DDX19A interacts with NLRP3 through the helicase ATP-binding domain of DDX19A and the NACHT and LRR domains of NLRP3.
DDX19A directly interacts with PRRSV genomic RNA
Previous reports showed that DDX19A binds cellular proteins to form a complex, which facilitates cellular mRNA export from the nucleus (41, 63) . To test whether DDX19A binds PRRSV RNA, unlabeled or biotin-labeled PRRSV HuN4 RNA was incubated with HEK293T cell lysates overexpressing Flag-DDX19A or Flag-NLRP3. The RNA/protein complexes were precipitated with streptavidin beads and subjected to Western blot analysis. As shown in Fig. 7A, DDX19A , but not NLRP3, was precipitated with the biotin-labeled PRRSV RNA. In addition, we found that the binding of DDX19A to biotin-labeled PRRSV RNA could be blocked by unlabeled PRRSV RNA in a dose-dependent manner, but not unlabeled yeast tRNA (Fig. 7B) . To confirm these results and exclude the possibility that other host proteins might participate in DDX19A-PRRSV RNA binding, the unlabeled or biotinlabeled PRRSV RNA was incubated with purified GST-DDX19A or GST. The result revealed that only GST-DDX19A, but not GST, was coprecipitated with biotin-labeled PRRSV RNA in vitro (Fig. 7C) . To map which domain of DDX19A is required for binding PRRSV RNA, HEK293T cell lysates overexpressing Flagtagged DDX19A or its truncated variants were incubated with biotin-labeled PRRSV RNA, respectively. The result showed that the helicase ATP-binding domain (domain 1) and the helicase C-terminal domain (domain 2) of DDX19A were required for binding PRRSV RNA (Fig. 7D) .
To further investigate the binding ability of endogenous DDX19A to PRRSV RNA in PRRSV-infected cells, Marc-145 cells were either mock-infected or infected with PRRSV HuN4 and then crosslinked with 4% formaldehyde. The cell lysates were coim- Number of peptides sequenced found to be derived from the same proteins.
b
The significance threshold of proteins was set at p , 0.05. munoprecipitated with anti-DDX19A pAb and IgG, respectively. Total RNAs were isolated from the immunoprecipitants with TRIzol reagent (Invitrogen) and then subjected to RT-PCR analysis with the primers specific for 59 UTR of the PRRSV HuN4 genome. These results revealed that the 59 UTR of PRRSV HuN4 genome was amplified in the positive control sample (Fig. 7E, lane 3) and the anti-DDX19A pAb immunoprecipitants (Fig. 7E, lane 6 ), but not in the IgG immunoprecipitants, suggesting that the endogenous DDX19A interacts with PRRSV RNA in PRRSV HuN4-infected Marc-145 cells.
Our previous results showed that the 59 UTR and 39 UTR transcripts of PRRSV HuN4 genome could induce NLRP3 inflammasome activation and IL-1b secretion (Fig. 4) . We then tested the interaction between DDX19A and the 59 UTR or 39 UTR transcripts. As shown in Fig. 7F, DDX19A could bind both the 59 UTR and 39 UTR transcripts in vitro. In addition, we also found that GST-DDX19A, but not GST, bound the 59 UTR transcripts in vitro (Fig. 7G) . Consistent with these results, we found that endogenous DDX19A could be precipitated with the 59 UTR transcripts when biotin-labeled 59 UTR transcripts were transfected into PAMs (Fig. 7H) . These data clearly demonstrated that DDX19A physically interacts with the 59 UTR and 39 UTR transcripts of PRRSV HuN4 genome. It is well known that these transcripts have specific complex secondary RNA structures, and these structures may be very important for NLRP3 inflammasome activation and IL-1b secretion. To further test whether an internal region of PRRSV genome lacking such specific structures could induce IL-1b secretion, PRRSV HuN4 genome corresponding to nonstructural protein 7b (nsp7b) was also synthesized in vitro. We found that the nsp7b transcripts still robustly induced IL-1b secretion (Fig. 7I) , and DDX19A could bind the nsp7b transcripts in vitro (Fig. 7J) . These results indicated that DDX19A could bind PRRSV genome in a non-sequence-specific manner.
Recently, DHX33 has been identified as a novel RNA sensor that could specifically sense dsRNA of reoviruses and polyI:C, a synthetic dsRNA mimetic and participate in NLRP3 inflammasome activation and IL-1b secretion (6) . Interestingly, we also found that DDX19A bound polyI:C (Supplemental Fig. 4A) , and the binding of DDX19A to the biotinylated polyI:C could be blocked by an increasing amount of unlabeled polyI:C (Supplemental Fig. 4B ). Of note, only the helicase ATP-binding domain (domain 1) of DDX19A was responsible for binding polyI:C (Supplemental Fig.  4C ). Additionally, we also found that DDX19A and PRRSVderived dsRNA were colocalized in the cytoplasm in the PRRSVinfected Marc-145 cells (Supplemental Fig. 4D ).
Taken together, our findings demonstrate that DDX19A not only directly binds PRRSV genomic RNA, but also binds polyI:C in vitro.
Knockdown of DDX19A inhibits PRRSV infection-and PRRSV RNA-mediated inflammasome activation
As shown in our previous results, DDX19A was identified as a novel viral RNA-binding protein that associates with NLRP3 inflammasome complex through interaction with NLRP3 (Figs.  5-7) . To test whether DDX19A is required for HP-PRRSV infection-induced IL-1b secretion, we developed two DDX19A shRNAs (sh1 and sh2). First, PAMs were infected with lentiviruses expressing these shRNAs, and then the DDX19A knockdown efficiency and the cell viability were detected. These results showed that the expression levels of DDX19A in PAMs were efficiently reduced (Fig. 8A) , and the cell viabilities were not affected (Fig. 8B) . Second, the DDX19A-deficient PAMs were then infected with HP-PRRSV HuN4, and the IL-1b secretion and procaspase-1 cleavage were measured. Our results revealed that knockdown of DDX19A expression resulted in significant reduction of IL-1b secretion and procaspase-1 cleavage (Fig. 8C) . These data indicate that DDX19A plays pivotal roles in HP-PRRSV infection-induced inflammasome activation and the IL-1b secretion.
Our previous results showed that PRRSV RNA could induce NLRP3 inflammasome activation and IL-1b secretion (Fig. 3) , and DDX19A could physically bind PRRSV HuN4 genome RNA in vitro (Fig. 7) . To further test whether DDX19A is involved in PRRSV RNA-induced inflammasome activation, DDX19A-deficient PAMs were stimulated with PRRSV HuN4 RNA. We found that knockdown of DDX19A expression in PAMs reduced PRRSV RNA-induced IL-1b secretion and the procaspase-1 cleavage (Fig. 8D) , which suggests that DDX19A was also required for PRRSV RNA-induced inflammasome activation. To our surprise, we also found that PRRSV RNA levels and the virus titers were obviously decreased in the DDX19A-deficient PAMs (Fig. 8E, 8F ), suggesting that DDX19A is also required for PRRSV replication. Therefore, there exists a possibility that knockdown of DDX19A expression may indirectly reduce the IL-1b secretion through inhibition of PRRSV replication. To exclude the possibility, the DDX19A-deficient PAMs were stimulated with the 59 UTR transcripts of PRRSV HuN4 genome, which could not encode viral protein and produce live virus particles. As shown in Fig. 8G , we found that the IL-1b levels in the cell supernatants were significantly decreased in the DDX19A-deficient PAMs, suggesting that DDX19A is still required for the 59 UTR transcripts induced IL-1b secretion. Additionally, we found that knockdown of DDX19A expression hardly affected the secretion of IL-1b in PAMs stimulated with polyI:C (Fig. 8H) or LPS/ATP (Fig. 8I) , suggesting that DDX19A preferentially participates in the PRRSV RNA-induced inflammasome activation and IL-1b secretion. Based on these results, we concluded that DDX19A is required for HP-PRRSV infection-and PRRSV RNA-induced IL-1b secretion. In summary, we identified DDX19A, a member of the DEAD/Hbox helicase family, as a novel RNA sensor that directly bridges viral RNA and NLRP3 to participate in NLRP3 inflammasome activation and IL-1b secretion (Fig. 9) .
Discussion
Previous studies demonstrated that HP-PRRSV infection could induce robust inflammatory responses causing severe pathologic damages in swine lung and other organs (46, 54, 64, 65) . Qiao et al. (57) showed that HP-PRRSV HN07-1 strain infection induces much more IL-1b from naive PAMs compared with the lower virulent PRRSV BJ-4 strain infection. Consistent with these results, we found that highly virulent strains (e.g., HuN4 and SDA2 strains) induced significantly higher levels of proinflammatory cytokines (such as IL-1b and TNF-a) than the lower virulent strains (e.g., CH1a, CH1R, and HuN4-F112 strains) did (Fig. 1A-D) . We also found that HuN4 had higher replication efficiency compared with that of HuN4-F112 in PAMs (Fig. 1H, 1I ). Based on these results, we concluded that PRRSV strains used in this study have different abilities to induce the IL-1b secretion, which may depend on their replication abilities. Recently, HP-PRRSV nsp9-and nsp10-coding regions were found to be closely related to the replication efficiency, increased pathogenicity, and fatal virulence for piglets (54) . Therefore, we proposed that nsp9 and nsp10 may be critical for the induction of IL-1b secretion by regulation PRRSV replication.
Recently, Bi et al. (50) reported that NLRP3 was crucial for IL1b secretion in HP-PRRSV-infected PAMs. By using HuN4 as the representative strain of HP-PRRSV, we found that PRRSV HuN4 infection induced the formation of NLRP3-ASC-caspase-1 complex, the cleavage of procaspase-1, and IL-1b secretion in an NLRP3-dependent manner (Fig. 2) . However, we found that knockdown of NLRP3 expression is efficient (Fig. 2F) , and the reduction in IL-1b secretion is fairly modest (Fig. 2H) . We speculated that there may be other mechanisms involved in NLRP3-independent inflammasome activation during HP-PRRSV infection. Recently, PRRSV structural protein E was found to activate inflammasome and induce IL-1B secretion (49) . However, the underlying mechanism was not characterized. Whether PRRSV E induces IL-1B secretion independent of NLRP3 needs to be investigated. Additionally, we noticed that capase-1 inhibitor could not completely block PRRSV-induced IL-1b secretion, although yVAD-CHO is a potent caspase-1 inhibitor. We speculated that other caspases may participate in the process. Consistent with our hypothesis, several studies recently showed that caspase-8 is also involved in other pathogen-and activator-induced NLRP3 inflammasome activation and IL-1b secretion (66) (67) (68) .
Interestingly, we found that the UV-inactivated HP-PRRSV HuN4 completely abrogated its ability to induce the secretion of IL-1b and TNF-a (Fig. 3) , suggesting the viral particles are not the main cause to induce the secretion of these cytokines during HP-PRRSV infection. It has been demonstrated that viral infection induces NLRP3 inflammasome activation (15-17, 20, 31, 59, 69) . For example, IV, encephalomyocarditis virus, or HCV infection induces procaspase-1 cleavage and IL-1b secretion through NLRP3 inflammasome activation (15, 20, 30, 70) . Recently, HCV genomic RNA or IV RNA was found to be able to trigger NLRP3 inflammasome activation and IL-1b secretion (10, 15, 17) . According to these results, we focused our interest on the PRRSV RNAmediated NLRP3 inflammasome activation. In this study, we showed that DDX19A is identified as a novel RNA sensor that participates in viral RNA-mediated NLRP3 inflammasome activation and IL-1b secretion (Fig. 3) . We then synthesized the 59 UTR, nsp7b, or 39 UTR transcripts of the PRRSV HuN4 genome and found that all of them could induce the NLRP3 inflammasome activation and IL-1b secretion (Fig. 4) , suggesting that PRRSV HuN4 genomic RNA induces IL-1b secretion in a non-sequencespecific manner. However, the 59 UTR transcripts induced much higher levels of IL-1b secretion than that of the 39 UTR transcripts, indicating that the special secondary structure of the PRRSV genome may contribute to the production of IL-1b. Based on these results, our findings revealed that PRRSV RNA itself is a potent stimulator, which could activate NLRP3 inflammasome during HP-PRRSV infection.
A variety of RNAs have been proven to trigger NLRP3 inflammasome activation (10, 15, 17, (32) (33) (34) . However, the underlying mechanisms remain elusive. Recently, DHX33 is identified as an RNA sensor that binds cytosolic dsRNA and interacts with NLRP3 to trigger NLRP3 inflammasome activation (6) . DHX33 binds NLRP3 via the DEAD domain of DHX33 and the NACHT domain of NLRP3 (6) . In this study, to screen the potential sensors of viral RNA, DDX19A was identified as a novel component in NLRP3 inflammasome complex using HP-PRRSV HuN4 infection as a model. We found that DDX19A specifically interacted with NLRP3 via the helicase ATP-binding domain of DDX19A and the NACHT and LRR domains of NLRP3 (Fig. 6) . Additionally, we found that DDX19A bound HuN4 RNA and the different transcripts of HuN4 genome in a non-sequence-specific manner via its two helicase domains (Fig. 7) . Furthermore, we found that knockdown of DDX19A expression resulted in significant reduction in IL-1b secretion and procaspase-1 cleavage (Fig. 8) . However, knockdown of DDX19A expression could not completely reduce IL-1b secretion, suggesting that there may still be other RNA sensors that can sense viral RNA and participate in PRRSV infection-induced NLRP3 inflammasome activation. In our IP-MS data, we found that DDX52, another member of the RNA helicases, was immunoprecipitated with PRRSV infectioninduced NLRP3 inflammasome complex. However, the functions of DDX52 in PRRSV infection-induced IL-1b secretion are still unknown, which need to be investigated. with the discovery of the RNA sensor DHX33, we proposed a novel model that NLRP3 just acts as a signaling adaptor protein rather than the direct sensor during viral RNA-induced NLRP3 inflammasome activation. Nevertheless, more RNA sensors involved in NLR-mediated inflammasome activation remain to be identified to support the model.
In this study, we also found that DDX19A could bind polyI:C (Supplemental Fig. 4A, 4B ). However, DDX19A only used its helicase ATP-binding domain to interact with polyI:C (Supplemental Fig. 4C ). We speculated that the structural differences between PRRSV RNA and polyI:C may be the main reason. Interestingly, we found that knockdown of DDX19A expression hardly affected polyI:C-induced IL-1b secretion (Fig. 8H) . In addition, DDX19A deficiency also did not influence ATP/LPS-stimulated IL-1b secretion (Fig. 8I ). These results demonstrate that DDX19A specifically functions in HP-PRRSV RNA-induced IL-1b secretion by acting as the direct sensor, and other stimulators (such as polyI:C or ATP/LPS), respectively, activate NLRP3 inflammasome through different pathways. Recently, the DEAD/H-box helicase family members have been drawing more and more attention not only for their powerful capacities in detecting invading PAMPs as direct sensors (6, 36), but also for their key roles involved in viral replication (36, 38, 39, 71) . It has been demonstrated that DDX3 binds the HCV core protein and is required for HCV replication (72) . In addition, DDX5 interacts with Japanese encephalitis virus nsp3 and nsp5 and acts as a positive regulator for Japanese encephalitis virus replication (73) . In this study, we also found that DDX19A was required for HP-PRRSV replication in PAMs (Fig. 8E, 8F) . Therefore, there exists a possibility that knockdown of DDX19A expression will inhibit PRRSV replication, which may indirectly reduce the IL-1b mRNA expression and secretion. To exclude the possibility, DDX19A knockdown PAMs were stimulated with the 59 UTR transcripts (Fig. 8) . We found that knockdown of DDX19A expression led to a substantial reduction in IL-1b secretion in PAMs when the cells were stimulated with either of the 59 UTR transcripts, which could not produce live PRRSV particles. These results suggested that DDX19A is directly involved in PRRSV infection-, PRRSV RNA-induced NLRP3 inflammasome activation. In this study, we also noticed that DDX19A was highly expressed in the tissues of thymus, lung, and spleen (Supplemental Fig. 3B ) and was upregulated during HP-PRRSV HuN4 infection (Supplemental Fig. 3C ). These data are consistent with our previous results (47, 74, 75) showing that HP-PRRSV exhibits cell tropism in lungs and other immune organs of piglets, and leading to serious injuries in lung, thymus, and spleen.
cIAPs are critical regulators in the signaling pathways of apoptosis and inflammatory response (76, 77) . It has been demonstrated that cAIP2-deficient mice have reduced cytokine amounts in responding to LPS (78) , and macrophages from cAIP2-deficient mice are deficient in caspase-1 activation and subsequent IL-1b production in response to various inflammasome agonists (76, 77) . In this study, we also found that cIAP1 and cIAP2 were immunoprecipitated with ASC complex in HP-PRRSV HuN4-infected PAMs (Table I) . Therefore, cIAP1 and cIAP2 may be also involved in HP-PRRSV-mediated inflammasome activation, and the relative mechanisms need further investigation.
In this study, we presented evidence showing that DDX19A binds PRRSV RNA and NLRP3 to participate in NLRP3 inflammasome activation and IL-1b secretion. But we still do not know whether DDX19A works as a multifunctional sensor for other viral RNAs and other NLRPs. DDX19A can also bind cellular mRNA; however, how DDX19A distinguishes viral RNA from host mRNA during PRRSV infection is still unknown. The ability of RNA sensor to distinguish foreign nucleic acids from abundant selfnucleic acids is essential for the host to protect themselves from the invading pathogens. For example, it has been demonstrated that RIG-I could detect and directly bind to the 59-end of certain viral RNA genomes, specifically to a 59-triphosphate group, which provides a structural basis for the distinction between self and non-self RNA (79) . Like RIG-I, DDX19A may recognize and bind to the 59-triphosphate group of viral RNA to discriminate between viral RNA and cellular RNA. It has been demonstrated that Dbp5, yeast homologous of DDX19, interacts with cellular proteins and forms a nuclear pore complex to export mRNA. We speculated that, like Dbp5 (61), DDX19A may interact with other cellular proteins to form a binding surface for different RNAs to discriminate between viral RNA and cellular RNA. To the best of our knowledge, DDX19A is the second identified RNA sensor that participates in viral RNA-mediated NLRP3 inflammasome activation and IL-1b secretion. Our results will provide important clues for comprehensive understanding of virus infection-mediated pathology, which will help to develop new drugs to inhibit virus infection-induced inflammatory responses.
